The NpT -Gibbs ensemble Monte Carlo computer simulation method was applied to predict the vapour-liquid equlibrium (VLE) behavior of the binary systems ethane + pentane at 277.55 K and 310.95 K, ethane + hexane at 298.15 K, propane + methanol at 313.15 K and propane + ethanol at 325.15 K and 425.15 K. The optimised potentials for the liquid simulating (OPLS) model were used to describe the interactions of alkanes and alcohols. The simulated VLE predictions are compared with experimental data available for the pressure and phase composition of the analyzed binary systems. The agreement between the experimental data and the simulation results is found to be generally good, although slightly better for system in which both components were nonpolar.
INTRODUCTION
During the last decade of the last century, research in the synthesis, rational design and optimization of different processes in the chemical, petrochemical, gas processing and pharmaceutical industry was largely concerned with problems related to succesful correlation and predication of phase equilibria and other thermodynamic properties of binary and multicomponent mixtures. Direct measurements and macroscopic thermodynamic procedure of data were the usual approaches. Also, due to the lack of experimental data, different predictive equations were frequently used to describe the thermodynamic behavior of various systems for indus-527 trial applications. The accuracy of these equations varies depending on the molecularly complex substances, as well as on the particular equation chosen.
To achieve quantitative description of the behavior of fluids in chemical plants or single unit operations (e.g., separation processes), chemical engineering thermodynamics ensures useful empirical, semi-empirical and theoretical frameworks. [1] [2] [3] [4] [5] Examples are empirical and semiempirical equations of state, liquid activity coefficient models, group contribution methods, macroscopic corresponding state correlation and various molecular theories (the corresponding state theory, perturbation theories, density functional theories, the integral equation theory, etc.).
In chemistry and chemical engineering, vapour-liquid equilibria (VLE) calculations are traditionally carried out using cubic equation of state (CEOS) and/or liquid activity coefficient models (G E ). Recently, the modern development is based on the combination of CEOSs with excess Helmholtz energy (CEOS/A E ) or excess Gibbs energy models (CEOS/G E ) as very accepted and effective methods foremostly, for correlating phase equilibrium descriptions of highly non-ideal systems. A large number of experimental data is available for binary mixtures over restricted ranges of temperature, pressure and compositions. For multicomponent mixtures, however, experimental data are available only for a limited number of mixtures under experimentally determined conditions. Also, the measurement of thermodynamic properties of mixtures is usually complex and frequently extensive, hence it would be very useful if the properties of a mixture could be predicted having good agreement with those experimentally determined. Molecular dynamic and Monte Carlo simulations, [6] [7] [8] [9] [10] [11] are the grand challenges. Molecular simulation approaches based on reliable intermolecular potential models estimate the corresponding thermodynamic macroscopic properties using relations of statistical mechanics. There are several reasons for the importance of such simulations: (i) prediction of VLE and other properties, (ii) check of statistical mechanics theories (iii) inclusion of an explicit term for the dipolar contribution of Helmoltz free energy to equations of state, (iv) comparisons with experiment which could give better information about suggested intermolecular potentials. The molecular models include a clear atomistic description of the mixtures to be studied and functional form of the intermolecular potential for the interactions between encountered molecules. A great variety of potential models of various types (true pair potentials, semi-empirical pair potentials and effective pair potentials) including multibody effects have been studied and tested on different cases. A recent review of potential models is available in the literature. 3, 12, 13 The success of molecular simulation mostly depends on the availability of efficient simulation algorithms and accurate force fileds. In a binary mixture, the contributions which result from interactions between dissimilar molecules can be obtained from combining rules. [14] [15] [16] [17] Over the last few years, significant progress has been made in the molecular simulation of VLE, and the study of VLE has been the subject of numerous studies.
VLE simulation for simple intermolecular model fluids 4, 18 very frequently includes Lenard-Jones (LJ) three and two dimensional fluids, the square-well fluid, Yukawa fluids, dipolar and quadrupolar LJ fluids, associating LJ fluids with square well sites, and the Gay-Besne fluid.
Different methods have been applied for the simulation of VLE with molecular models, for example the Gibbs Ensemble Monte Carlo (GEMC), [19] [20] [21] [22] [23] [24] [25] [26] the Gibbs-Duhem integration, [27] [28] [29] [30] [31] [32] [33] the NpT + Test Particle Method, 18, [34] [35] [36] [37] [38] the Grand Equilibrium, 13, 39 Histogram-reweighting grand canonical Monte Carlo simulation, 17, [40] [41] [42] [43] pseudoensemble, 44, 45 and direct interfacial simulations. [46] [47] [48] Many studies show the possibility of the combination of the mentioned molecular simulations and other techniques to the prediction of VLE of binary systems. [49] [50] [51] Monte Carlo simulations, generally speaking, can be used 23, 24, 50, 52, 53 in the canonical (NVT) or the isobaric-isothermal (NpT) ensemble or other ensembles (the grand-canonical (mVT) and micro-canonical (NVE)).
The semi-empirical OPLS (Optimised Potentials for Liquid Simulations) model, as a very suitable model for the study of organic liquid properties was applied here. This model functions quite satisfactorily for completely different types of hydrocarbons, such as alkanes, alcohols, amines, aromatic hydrocarbons, ethers, etc.
Numerous computer simulations have been developed for alkanes and alcohols for several model potentials. The main reasons for this interest are their great importance in many technological applications. 54, 55 Thermodynamic properties were mostly calculated for pure short linear alkanes and alcohols, while simulations of VLE for binary mixtures of alkanes and alkanes + alcohols were perofmed in only a few cases 17, [55] [56] [57] [58] [59] [60] [61] [62] (methane + ethane, methane + propane, methane + n-pentane, ethane + n-heptane, methanol + ethane, n-hexane + methanol, n-hexane + ethanol).
In this work, VLE of alkanes (ethane + n-pentane, ethane + n-hexane) and alkanes + alcohols (propane + methanol, propane + ethanol) binary systems were calculated by the Gibbs ensemble simulation technique. The molecules of ethane, propane, n-hexane, methanol and ethanol were described with the OPLS model.
OPLS FORCE FIELDS
OPLS united-atom force fields (frequently signed as OPLS-UA) were developed by Jorgensen et al. [63] [64] [65] [66] They are used to describe interactons between molecular groups (segments) separated by more than three bonds or belonging to different molecules. Here, this force field makes use of the united-atom approach, i.e., methyl and methylene segments are treated as single pseudoatoms centred on the carbon. Non-bonded pseudoatoms in most cases interact through Lennard-Jones (LJ) potentials. 67, 68 For molecules with dipolar bonds, the disposition of the electrical charge is represented by the arrangement of point charges. The value of the dipole moment is evaluated from the distance between the points and the values of their electric charge. The interaction between point charges for alcohol molecules is described by the Coulomb expression for electric force.
VAPOUR-LIQUID EQUILIBRIA FOR BINARY SYSTEMS
The OPLS model, here described by the sum of pairwise additive LJ 12-6 potentials, Coulombic interactions of partial charges, angle bending and torsional terms, is given by: (1) where r ij is the distance between site i and site j, while e ij , s ij , q i and q j are the LJ depth of the potential well, LJ size and partial electric charge, respectively. e 0 is the permittivity of vacuum. For the description of the unlike OPLS interaction in binary mixtures, the unlike interaction parameters e ij and s ij were determined using the following standard Lorentz-Berthelot combining rules
where e i and s i are LJ parameters for site i. Thus, no adjustable interaction parameters were used in the calculations. The OPLS potentials for alkanes and alcohols have been widely determined and used. 54, 55, 61, 64, [69] [70] [71] [72] [73] [74] [75] The OPLS parameters for the groups of investigated alkanes and alcohols were taken from reference 66 and are listed in Table I . 
s -Lenard-Jones diameter of the group; e -energy minimum for the Lennard-Jones potential; qpartial electric charge of the group
The bonds between groups were considered to be of constant length with the following values: 1.53, 1.43. and 0.945 Å for C-C, C-O and O-H, respectively. A harmonic potential E bend is used to govern bond angle bending 76
where E bend is the bending potential, k q is the force constant which is expressed over Boltzmann's constant k b and has the values k q /k b : 62500, 50400 and 55440 (K/rad 2 ) for C-C-C, C-C-O and C-O-H bond angles, respectively; q is the angle between bonds and q 0 is the corresponding equilibrium angle with the values 112, 108 and 108.5°, for C-C-C, C-C-O and C-O-H, respectively. The torsional motion of molecules with more than three segments is controlled by the internal rotational potential function. 64 ,65
where c The NpT version of GEMC simulations were carried out using the computer program of Errington and Panagiotopoulos. 77 Simulation details for each system are given separately.
Simulations were performed for two types of binary mixtures (i) nonpolar + nonpolar: ethane + n-pentane and ethane + n-hexane mixtures, (ii) nonpolar + polar: n-propane + methanol and n-propane + ethanol mixtures.
The parameters of isothermal VLE of the ethane + n-pentane system were evaluated. Therefore, the simulaton was conducted at two temperatures: 277.55 K and 310.96 K. Since this kind of ensemble represents the behavior of a system at constant pressure, the simulation had to be done several times to gain equilibrium data for several different pressures. However, many of the conditions were kept the same in all of these runs. The total number of molecules was set to 300 and the number of ethane molecules was varied from 110 to 220, depending on the pressure. All of the simulations were started from two simulation boxes containing pure components, while the initial densities were set to values that were sufficiently far away from the expected equilibrium values. The latter condition plays an important role in the verification of the duration of the equilibration period. When the production period was reached, the values of the density in both phases start to stabilize and fluctuate around the final average value. The simulation consisted of 3.5 million Monte Carlo steps, where the equilibration period was 1 million steps long, while the production period consisted of 2.5 million steps. The ratio of the probability of selecting a specific Monte Carlo move was the following: 0.79: 0.01: 0.1: 0.1 for translation (or rotation) of molecules inside the box, volume changes, transfer of molecules from one box to another and regrowth of molecules.
Most of the initial conditions for the ethane + n-hexane system at 298.15 K were set to be the same as for the simulation of the ethane + n-pentane system (total number of molecules, although in this case the number of ethane molecules was varied between 150 and 285; the initial densities far away from the equilibrium values, the length of the simulation). However, only one isothermal equilibrium was simulated for this system at a temperature of 298.15 K and for several different pressures. In all of these simulations, the temperature and pressure were kept constant during the run.
For the propane + methanol system, isothermal equilibrium was simulated at a temperature of 313.15 K and for 12 different pressures. Most of the initial conditions were identical to those in the previous two examples, the simulation consisted of 3.5 million Monte Carlo steps, 1 million in the equilibration period and 2.5 million in the production period. The probability of selecting specific Monte Carlo moves had the following ratio: 0.75:0.01:0.1:0.1 for translation (or rotation), volume change, transfer of molecules and regrowth of molecules. The total number of molecules was set to 300, whereby the number of propane molecules was varied from 150 to 250, depending on the pressure.
The initial conditions for the propane + ethanol system were set to be the same as for the simulation of the propane + methanol system. The parameters of isothermal VLE were evaluated at two temperatures 325 K and 425 K, and for several different pressurs.
RESULTS AND DISCUSSION

Ethane + n-pentane system
Simulation of the ethane + n-pentane system was performed under isothermal conditions, but with two runs at two different temperatures. Experimental data for the mole fraction of ethane in both phases were available over the entire concentration range. 78 Since the system at both temperatures exhibits very similar behavior there was no need to perform separate analysis for each temperature. The results are presented in Table II and Fig. 1a for 277 .55 K. The comparison of the pressure dependencies of the difference between the experimental and calculated mole fractions of ethane is shown in Fig. 1b . The differences, Dx and Dy, were calculated using the following equations:
where x denotes the mole fraction of ethane in the liquid and y is the mole fraction of ethane in the vapour phase. At both temperatures the ethane + n-pentane system deviates substantially from experimental data for the vapour phase with decreasing pressure. Similar re-sults were expected for the liquid phase. The agreement between the experimental and calculated values could be considered as fair for the whole range of simulation pressures at both temperatures. 
Ethane + n-hexane system
The results of the simulation for the ethane + hexane system are presented in Table II and Fig. 2 . For the liquid phase, the deviations from the experiments 78 are larger than those for the ethane + n-pentane system, particularly with increasing pressure. For vapour phase, good agreement with the experimental data was obtained for lower and higher pressures, although slightly better for the higher pressures.
Propane + methanol system
The simulation data of the vapour-liquid equilibrium of the propane + methanol system was carried out for twelve different pressures. The results are presented in Ta- Fig. 1. a) The pressure -composition diagram for the ethane + n-pentane system at 277.55 K: experimental 78 and simulated results for the mole fracton of ethane in the liquid and the vapour phase; b) Dependence of the diference between the experimental data and the calculated results on the simulation pressure for the ethane + n-pentane system at 277.55K. ble III. As can be seen, the simulation results are in good agreement with the experimental values for the liquid phase only for low pressures, while the results for the vapour phase show the opposite tendency, i.e., increasing deviation with decreasing pressure. A possible explanation for this situation is the difference in the interaction forces among the molecules of the different species. For the propane + methanol system, nonpolar-polar interactions exhibit high deviation from ideal behaviour, while in the ethane + pentane and ethane + hexane mixture the molecules of the different components belong to the same class of organic compounds and the deviation from ideal behaviour is much less. The general conclusion that can be drawn from these results is that the Gibbs ensemble method, in its original form, is not powerful enough to accurately represent the behavior of non-ideal mixtures with nonpolar-polar interactions.
Interaction parameters of the OPLS model are, also, necessary. 
Propane + ethanol system
The simulation for this system was carried out for several different pressures and two different temperatures. 79 The results are presented in Table III and Figure  3 at 325.15 K and at 425.15 K. Since the propane + ethanol system is also a system with polar-nonpolar interactions, all the statements made for the propane + methanol mixture could be applied here; the calculated results of the liquid phase are in better agreement with the experimental values at lower pressures, while for the vapour phase, the differences between the experimental and calculated results are lower at higher pressures. For both temperatures, the deviations from the experimental data are larger in comparison with the previously analyzed systems with nonpolar components (ethane + n-pentane and ethane + n-hexane mixtures). As a result, for example, further refinements might be desirable for the OPLS force field, requiring special binary interaction parameters.
CONCLUSIONS
The general conclusion which can be made from the results obtained for the two nonpolar + nonpolar n-alkanes (ethane + n-pentane, ethane + n-hexane) and the two nonpolar + polar (propane + methanol, propane + ethanol) systems is that reasonably satisfactory agreement with experimental data can be attained in the NpT-GEMC simulation using OPLS united-atom force fields.
It can also be stated that the NpT-GEMC simulations as applied in this work are much more reliable in predicting VLE equilibria in nonpolar systems, the behavior of which are closer to ideal mixtures. Metod NpT-Gibbs-ovih ansambla i Monte Carlo molekulska simulacija su primeweni na predskazivawe ravnote`a para-te~nost (VLE) binarnih sistema etan + pentan na 277.55 K i 310.95 K, etan + heksan na 298.15 K, propan + metanol na 313.15 K i propan + etanol na 325.15 K i 425.15 K. Optimizovani parametri za te~nu simulaciju (OPLS) su kori{}eni da opi{u interakciju alkana i alkohola. Dobijeni rezultati simulacije ravnote`e para-te~nost su upore|eni sa dostupnim eksperimentalnim podacima za odgovaraju}e pritiske i sastave ispitivanih binarnih sistema. Mo`e se re}i da je dobijeno dobro slagawe sa eksperimentalnim podacima, mada ne{to boqe kod sistema u kojima su obe komponente nepolarne. (Primqeno 29. decembra 2004) 
